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http://www.ehjournal.net/content/12/1/50RESEARCH Open AccessUsing PM2.5 concentrations to estimate the
health burden from solid fuel combustion, with
application to Irish and Scottish homes
Karen S Galea1*, J Fintan Hurley2, Hilary Cowie2, Amy L Shafrir2,3, Araceli Sánchez Jiménez1, Sean Semple4,
Jon G Ayres5 and Marie Coggins6Abstract
Background: This study estimates the potential population health burden from exposure to combustion-derived
particulate air pollution in domestic settings in Ireland and Scotland.
Methods: The study focused on solid fuel combustion used for heating and the use of gas for cooking. PM2.5
(particulate matter with an aerodynamic diameter < 2.5 μm) was used as the pollutant mixture indicator.
Measured PM2.5 concentrations in homes using solid fuels were adjusted for other sources of PM2.5 by
subtracting PM2.5 concentrations in homes using gas for cooking but not solid fuel heating. Health burden
was estimated for exposure indoors 6 pm - midnight, or all day (24-hour), by combining estimated
attributable annual PM2.5 exposures with (i) selected epidemiological functions linking PM2.5 with mortality
and morbidity (involving some re-scaling from PM10 to PM2.5, and adjustments ‘translating’ from
concentrations to exposures) and (ii) on the current population exposed and background rates of morbidity
and mortality.
Results: PM2.5 concentrations in coal and wood burning homes were similar to homes using gas for cooking,
used here as a baseline (mean 24-hr PM2.5 concentrations 8.6 μg/m3) and so health impacts were not
calculated. Concentrations of PM2.5 in homes using peat were higher (24-hr mean 15.6 μg/m3); however,
health impacts were calculated for the exposed population in Ireland only; the proportion exposed in
Scotland was very small. The assessment for winter evening exposure (estimated annual average increase of
2.11 μg/m3 over baseline) estimated 21 additional annual cases of all-cause mortality, 55 of chronic bronchitis,
and 30,100 and 38,000 annual lower respiratory symptom days (including cough) and restricted activity
days respectively.
Conclusion: New methods for estimating the potential health burden of combustion-generated pollution
from solid fuels in Irish and Scottish homes are provided. The methodology involves several approximations
and uncertainties but is consistent with a wider movement towards quantifying risks in PM2.5 irrespective of
source. Results show an effect of indoor smoke from using peat (but not wood or coal) for heating and
cooking; but they do not suggest that this is a major public health issue.
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Electricity and gas are the main fuels used for heating
and cooking in Ireland (throughout this paper, ‘Ireland’
and ‘Irish’ refer to the Republic of Ireland unless other-
wise stated) and Scotland. In both countries however
some homes still use solid fuel (coal, wood, and peat) as
residential energy sources. These contribute to both in-
door and outdoor air pollution and the health conse-
quences of this are largely unexplored. The need to
understand these consequences is increased because use
of solid fuels is likely to change, influenced by policies to
reduce Greenhouse Gas emissions which support greater
use of renewable or biomass fuels like wood and reduced
use of fossil fuels like coal. Peat has been considered a
fossil fuel but its status as fossil or renewable fuel is un-
clear [1].
The Indoor Air Pollution and Health (IAPAH) project
[2] aimed to quantify the levels of indoor air pollution
(IAP) in Irish and Scottish homes using different types
of combustion fuels (coal, wood and peat for heating
and gas for cooking) and to estimate the health impacts
of exposure to IAP generated from the combustion of
these fuels; it also considered exposure to Environmental
Tobacco Smoke (ETS) in homes. This manuscript re-
ports work within IAPAH with the aim of estimating the
population health burden from IAP exposure attribut-
able to solid fuel use as a primary source of heating, and
to using gas for cooking in domestic settings in Ireland
and Scotland.
Scientific methods for estimating the health burden at-
tributable to air pollution, and Health Impact Assess-
ment (HIA) of pollution changes, have mainly focused
on outdoor air pollution. There is no corresponding
established methodology for HIA of indoor air pollution
from indoor sources. In 2007, the Scientific Committee
on Health and Environmental Risks [3] identified gaps in
the scientific knowledge needed for a health-based risk
assessment strategy on Indoor Air Quality (IAQ). Many
of the gaps relate to the lack of specific information on
source pollutant concentrations, exposure patterns and
health effects of specific indoor air pollutants; IAPAH
was designed to address these issues, with application to
Ireland and Scotland.
There was limited directly relevant existing informa-
tion. Much work has been published on indoor air pol-
lutants and the burning of solid or biomass fuels for
heating and cooking in developing countries [4,5] but
data from such studies cannot be extrapolated reliably to
more economically developed settings because of major
differences in housing, ventilation, heating and cooking
appliances, and fuels used. Some studies have investi-
gated how the use of solid fuels for cooking or heating
in the home contributes to IAP in developed countries,
in homes that use wood [6-8], gas [9], coal [10,11] orpeat [12], but available information is limited. As de-
scribed elsewhere [13] and summarised below, the
IAPAH study itself therefore included new measure-
ments in Irish and Scottish homes, of which the data
collected from 100 homes were used for analysis.
Air pollutants found in the indoor environment can
play a significant role in human health. This is unsur-
prising, in that data from the USA and the EU indicate a
significant proportion of our time is spent indoors [14],
and vulnerable groups such as young children and the
elderly can spend up to 100% of their time indoors [15].
Under conditions of very high exposures compared with
Ireland and Scotland [4,5,13], exposure to IAP from
solid fuel combustion has been linked to the development
or exacerbation of chronic respiratory illnesses such as
asthma, allergies and chronic obstructive pulmonary dis-
ease (COPD), and cardiovascular disease [4,5]. Ireland’s
mortality rate from respiratory disease is over twice the EU
average [16], while both Ireland and the United Kingdom
have a particularly high prevalence of childhood allergy
and asthma [17]. While it would be wrong to presume that
IAP was a major cause of these differences, it is important
to understand what role IAP may play.
To do this we developed and used a methodology
based on assuming that, for policy purposes, the risks to
health from IAP can be approximated by adapting
concentration-response functions from outdoor air pol-
lution, in the metric of PM2.5. One focus of the paper is
to describe and discuss the strengths and weaknesses of
this strategy; a second is to describe and discuss the sub-
stantive results because we think these are sufficiently
reliable, at least qualitatively, to inform the development
of policy. Methods and results are described in more de-
tail in a series of longer reports [2].
Within IAPAH, the health burden attributable to ETS
exposure has been estimated using both a method based
on PM2.5 (pollutant-based approach) and another, source-
based, approach, based on whether or not there is expo-
sure to ETS in the home. As we discuss in this manu-
script, we think that a source-based approach to health
burden from IAP attributable to solid fuel use is not
viable, and so a different approach, such as we adopted
with PM2.5, is necessary if estimates are to be made.
Methods
The pollutant based approach to estimating health burden
Working jointly with the EU HEIMTSA project (http://
www.heimtsa.eu), the ‘full chain’ approach to environ-
mental HIA (http://www.integrated-assessment.eu/), devel-
oped and promoted by EU-funded projects such as ExternE
(http://www.externe.info/externe_d7/), HEIMTSA and
INTARESE (http://www.intarese.org), was adapted for
application to IAP from combustion. This approach
tracks the fate of pollutants from their source, through
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specific health impacts. This requires considering as an in-
tegrated whole, the entire chain or pathway from pollution
source through to health outcome, and managing the tran-
sitions between steps of the pathway; e.g. the exposure
metric used for estimating exposures must be the same as
the exposure metric used for estimating exposure-related
risks to health.
The pollutant-based approach takes one or more sig-
nature pollutants as a marker of the entire combustion
mixture from the source of interest. In line with HIA
of outdoor air pollution, PM2.5 (particulate matter with
an aerodynamic diameter of less than 2.5 μm) was
used as the index of combustion mixtures for indoor
sources.
This strategy then proceeds to an assessment of health
burden by combining information about (i) the relevant
population exposed to IAP from combustion sources
indoors; (ii) concentrations of relevant pollutants (i.e.
PM2.5) within homes with combustion sources of pollu-
tion [13]; (iii) the risk to health of exposure indoors to
those levels of PM2.5 and (iv) background rates of
morbidity and mortality in the exposed population. To
allow the assessment of health burden to be undertaken,
information from multiple sources was required to
provide the data required to populate each of the vari-
ables as described in Figure 1.Figure 1 Application of the pollutant-based approach within IAPAH (
concentrations is the additional increment in concentrations due to using
cooking but no solid fuel.Population exposure to solid fuel combustion / using gas
for cooking
Total population data of Ireland for 2010 were obtained
from the Eurostat statistics database [18]. The data file
provided population figures by one year age group, sex
and country. The total population of Ireland in 2010 was
4,467,854 (2,216,444 male, 2,251,410 female).
Total population estimates were obtained for Scotland
for 2010 (mid-year estimates) from the General Register
Office for Scotland. These estimates were also provided
by sex and one-year age groups [19]. The total popula-
tion of Scotland in 2010 was 5,222,100 (2,530,315 men
and 2,691,785 females).
Information on the number of households using solid
fuel in Ireland and Scotland is very limited. Most of the
documents reviewed, e.g. [20,21] contained published gen-
eral figures on solid fuel usage in reference to the total
energy consumption, not on the number of households
using specific solid fuels or the characteristics of those who
use solid fuels. For a full list of sources consulted see [22].
Relevant information for Ireland was identified in the
Irish Household Budget Survey (HBS) (most recent re-
port available for our study, dated 2004/2005) [23],
which is a survey of a representative random sample of
all private households in Ireland. Data from this survey
were analysed and summarised, giving detailed informa-
tion on household population and the fuel used forgrey boxes are unique to the IAPAH study). Note: Indoor
peat for heating, over and above the baseline of homes using gas for
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solid fuel, but not by type of solid fuel (coal, peat and
wood). Data from Sustainable Energy Ireland [20]
showed that the total residential energy used for coal
(7.1%) and peat (9.3%) was similar as a percentage of all
sources classified; a percentage for wood was not given;
we assumed it was small compared to the use of coal as
shown by the results on household income expenditure
[23]. On that basis we assumed that the population using
peat was approximately half of the population that used
solid fuel, i.e. the same as coal and wood together [22].
In Scotland information on the number of households
that use solid fuel for heating and cooking, and associated
population characteristics, was obtained from the Scottish
House Condition Surveys (SHCS) completed in 2005/06,
2007 and 2008. These surveys included approximately
3000 households per survey. Estimates of the percentage
of the population living in households burning solid fuel
for heating, or using gas for cooking, were calculated by
the SHCS team (David McLaren, SHCS statistician, 2010;
personal communication). Percentages on the population
using solid fuel for heating and cooking were extracted
directly from the survey and weighed for the total popula-
tion. This included an estimate that <0.5% of the popula-
tion in Scotland used peat for heating and cooking.
Annual average PM2.5 concentrations
In order to estimate annual burden of disease attribut-
able to the indoor combustion sources of interest, it was
necessary to estimate annual average exposures to PM2.5
indoors, attributable to these combustion sources. This
involved several linked stages.
Estimates of annual average concentrations were de-
rived from a limited programme of measurements of in-
door air pollution in homes in Ireland and Scotland
from the IAPAH field study [13]. These included real-time
measurements of PM2.5 over one approximately 24-hr
period in each participating home; these were time-
weighted to give a 24-hr value for each home.
For each source of interest, i.e. coal, wood and peat for
heating and gas for cooking, it was intended to sampleTable 1 Concentrations of PM2.5 in homes in Ireland and Scot
and numbers of homes sampled
Time-weighted 24-hour average
PM2.5 mean values (μg/m
3)
Coal
Ireland 8.4 (n = 12)
(range) (5–19)
Scotland 9.4 (n = 10)
(range) (1–17)
All 8.9 (n = 22)
(range) (1–19)10 homes in each of Scotland and Ireland that used that
source only. In practice (Table 1) there was some vari-
ation in numbers achieved. Also, about 30% of the solid
fuel homes sampled used solid fuels as secondary, rather
than a primary heating fuel, but there were no statisti-
cally significant differences in concentrations between
the primary and secondary heating homes and so all
were retained in the analysis [22].
We were unable to obtain specific data on when the
population as a whole was likely to be at home and
exposed. Instead we considered two scenarios, one at
home and exposed during evenings only (6pm until mid-
night) and the other, at home and exposed full-time, i.e.
24-hours. The available measurements were used to give
estimates of average indoor concentrations of PM2.5 in
non-smoking homes using various kinds of solid fuel for
heating or using gas for cooking, for evenings and all
day [13].
Next, in order to estimate PM2.5 attributable to solid
fuel use, or gas for cooking, it was necessary to adjust
these average concentrations of PM2.5 indoors for the
effect of other sources, i.e. penetration indoors of out-
door air pollution, and all other indoor sources. Given
that no measurements were available from an ideal con-
trol (i.e. electricity for cooking, no solid fuel combustion
sources for heating and no ETS), several approaches to
adjustment were considered, including estimation of
both outdoor PM2.5 and indoor penetration [22]. The
approach eventually adopted drew on a literature review
of using gas for cooking, and of other indoor sources.
The results suggested that the contribution to indoor
PM2.5 mass concentrations from using gas for cooking
was negligible over the 6- or 24-hr periods relevant to
this study; i.e. PM2.5 in homes using gas from cooking
could not be distinguished reliably from background
[22]. Average PM2.5 concentrations in homes using gas
for cooking were therefore taken as a ‘baseline’ for the
contribution of all other sources, and were subtracted
from average PM2.5 concentrations indoors in the homes
using solid fuel to give PM2.5 concentrations attributable
to using the solid fuel of interest; and we did notland using coal, wood or peat as primary heating fuel;
Peat Wood Gas for cooking
15.2 (n = 17) 4.8 (n = 5) 11.2 (n = 5)
(2–44) (3–6) (4–28)
18.0 (n = 3) 8.6 (n = 17) 7.4 (n = 11)
(8–34) (2–23) (2–13)
15.6 (n = 20) 7.7 (n = 22) 8.6 (n = 16)
(2–44) (2–23) (2–28)
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for cooking.
Concentrations of PM2.5 in homes using coal and
wood were very similar to those in homes using gas
cooking [13], and so were very similar to background in-
doors from outdoor air and other sources; and therefore
health impacts for burning coal and wood were also not
estimated. However, the field study concentrations for
peat (mean 24-hrs time weighted average 15.6 μg/m3)
were higher than those for baseline / gas cooking (mean
24-hrs TWA PM2.5 concentrations 8.6 μg/m
3) (Table 1).
For both peat and gas cooking, the concentrations used
were those from both Ireland and Scotland combined,
so that these could be based on the greatest number of
relevant measurements.
The decision was taken to estimate health impacts
attributable to IAP from peat, but only in Ireland be-
cause, as described earlier, <0.5% of the population in
Scotland was exposed. Finally, estimated annual aver-
age exposures were derived; assuming that exposure to
PM2.5 indoors from peat burning was for 6 months of
the year only.
Health outcomes; risk functions; background rates;
impact functions
By using conversion factors and by accepting approxi-
mations it was possible, in quantifying the health im-
pacts of IAP, to use the extensive international research
evidence linking PM from outdoor air pollution with a
very wide range of health outcomes, rather than being
restricted to using the much more limited evidence base
linking IAP and health.
The functions selected for outdoor air were based
largely on those used in in the HIA and Cost-Benefit
Analysis (CBA) of the European Commission’s Clean Air
for Europe (CAFÉ) programme [24]. The exceptions
were the Concentration Response Functions (CRF) used
for chronic bronchitis where an updated CRF based on
the Swiss Cohort Study on Air Pollution and Lung and
Heart Diseases in Adults (SAPALDIA) study [25] was
used, and the CRF for respiratory hospital admissions
which was based on a more recent meta-analysis from
the INTARESE study [26]. Concentration response func-
tions (CRFs) in the metric of PM10 were converted to
CRFs in PM2.5 using a factor which represents, on aver-
age, the relationship between PM10 and PM2.5 in out-
door air across Europe. The conversion factor of 0.65
was obtained from concurrent measurements of PM10
and PM2.5 in the EU-wide Air Pollution and Health. An
European Information System (Apheis-3) study [27]
which reported city-specific conversion factors for 10
European cities, with six (Bordeaux, Gothenburg, Lille,
Marseille, Stockholm, Toulouse) giving values 0.65-0.67;
three (Athens, Madrid, Tel Aviv) giving values close to0.5, and one (Cracow) giving a factor of 0.8. The selected
functions in PM10 were ‘translated’ to PM2.5 using
Equation 1.
PM2:5CRF ¼ expðln PM2:5CRFð Þ ¼ exp ln PM10CRFð Þ0:65
 
ð1Þ
The PM2.5 CRF can then be combined with the ori-
ginal background rate to obtain an impact function in
the exposure metric of PM2.5 [22].
Relationships between outdoor PM and health are
based on PM as measured at background concentra-
tions, at a distance from source and from most of the
population at risk; whereas IAPAH is concerned with
PM in the home from indoor combustion sources in the
same room or nearby – this is more like PM measured as
personal exposure rather than background concentrations.
We decided therefore to ‘convert’ CRFs in annual average
PM2.5 from outdoor air into equivalent exposure-response
functions (ERFs) for outdoor air, and link these ERFs
with annual average PM2.5 attributable to use of peat for
heating. Conversion was based on annual averages be-
cause HIA of outdoor air pollution is based on annual
averages. Annual average is the relevant time-period for
CRFs based on longer-term exposure; and while CRFs for
short-term exposure typically use 24-hr daily concentra-
tions, when (as here) the CRFs are linear with no thresh-
old, the aggregate daily impacts values over one year can
also be estimated using annual average PM2.5 [22]. To
address this, a simple model was constructed of time
spent in various micro-environments (indoors; outdoors
in traffic; elsewhere outdoors) and associated average con-
centrations relative to background outdoors. A conversion
or scaling factor was estimated as 0.7, by which the CRFs
of outdoor air were divided to convert them to the re-
quired ERF [22]. The scaling factor is driven by the infil-
tration factor (0.55 (95% CI: 0.52-0.58) [22] and the time
spent indoors. The at-risk population at various ages was
then linked with estimated annual average exposures, with
the ERFs, and with background rates, to give, for Ireland,
the estimated annual burden of disease attributable to
combustion of peat indoors. Background rates of disease
were derived from a range of sources [22] including the
Central Statistics Office, Ireland and the WHO Hospital
Morbidity database.
Throughout, a simplifying convention was adopted as
is usual when considering disease burden [28]. The cal-
culations have been done as if the effect of exposure on
disease and mortality were immediate; i.e. the effects of
current exposure levels were estimated using current
population and current background rates of morbidity
and mortality, without taking account of any time lag
between exposure and increased risk of disease or death.
Table 2 Percentage of Irish and Scottish population living in households where solid fuel is used as primary heating
fuel or gas for cooking
Ireland < 14 years (%) 14-20 years (%) Men2 21+ (%) Women2 21+ (%) Households sampled (%)
Heating 9.5 11.8 8.5 9.3 8.4*
Gas Cooking3 23.7 22.2 26.0 25.3 26.0*
Scotland1 < 15 years (%) 15-252 years (%) Men2 >25 (%) Women2 >25 (%) Households sampled (%)
Heating 1.0 1.5 1.9 1.6 2.5**
Gas Cooking4 57.5 53.3 54.9 53.8 49.3**
1 Scottish data for solid fuel use aggregate over coal, peat or wood, smokeless fuel, and anthracite.
2 The age-ranges used are unusual; we used slightly modified ranges to link with population numbers.
3 Gas cooking in Ireland: either piped gas or LPG.
4 Gas cooking in Scotland: i.e. gas cooker; or gas hob and electric oven;
*Percentage of a representative random sample of all private households in Ireland (total number sampled = 6,884).
** Percentage of households, total sample size of 9,194 for primary heating and 6,047 for cooking.
Galea et al. Environmental Health 2013, 12:50 Page 6 of 12
http://www.ehjournal.net/content/12/1/50Results
Population exposure to solid fuel combustion / using gas
for cooking
Table 2 shows the percentage of population living in
homes where solid fuel is used as primary fuel for
heating, or gas is used for cooking, in Ireland and
Scotland. Based on corresponding fuel usage data, it was
assumed that the population in Ireland exposed to in-
door pollution from peat as primary heating fuel is half
of that reported as using any type of solid fuel, i.e. 4.2%
of total households, with associated percentages of the
population exposed, as given for solid fuel use in Table 2.
This provides an estimate of 199,090 exposed individ-
uals: 42,644 aged under 14 years, 22,568 aged 14–20,
and 133,878 aged 21 years or more.Annual average concentrations
The mean 24-hr TWA concentration of PM2.5 attributable
to peat was calculated as 7.1 μg/m3 (mean 24-hr average
of 15.6 μg/m3 [13] minus 8.5 μg/m3 (mean 24-hr average
from cooking with gas homes as baseline)).
The annual average mean 24-hr attributable concentra-
tion to which residents were exposed was calculated
as the estimated attributable concentration of 7.1 μg/
m3 × 0.5 (to adjust for exposure occurring forTable 3 Summary of risk and impact functions used for each
Health outcome Age
group
Background
rate per 100,000
Risk funct
per 10 μg
PM
Chronic bronchitis 18+ 390 22%
Cardiovascular hospital admissions All ages 639 0.6%
Respiratory hospital admissions All ages 1112 0.9%
Restricted activity days 18-64 2,200,000 4.75%
Lower respiratory symptom
days (inc. cough)
5-14 5,600,000 4%
All-cause mortality 30+ 1058 6%approximately 6 ‘winter’ months of the year) giving
an estimated annual average additional concentration
of 3.55 μg/m3 based on 24-hr exposure and an esti-
mated annual average additional concentration of 2.11
μg/m3 based on exposures in winter evenings only
(6pm-midnight).
Health outcomes; risk functions; background rates;
impact functions
Table 3 summarises the health outcomes, risk functions,
background rates and impact functions that were calcu-
lated and used in the HBA.
Health burden assessment
An illustrative calculation, using as an example exposure
to peat as a primary heating fuel in the evenings only,
for 6 months of the year, in Ireland and hospital admis-
sions for cardiovascular disease, is provided in Appendix 1
and summarised in Figure 2. (Note that there is some
rounding in the presentation of the results).
The health impacts associated with peat-burning for
heating in Ireland are shown in Table 4. Two exposure
scenarios were considered: firstly based on exposures in
winter evenings only, giving an annual average increase
of 2.11 μg/m3; and secondly based on 24-hr exposure,health outcome assessed for Ireland [24]
ion
/m3
Risk function per μg/m3
personal exposure to PM2.5
Impact function: cases per 100,000
exposed persons per 10 μg/m3
personal exposure to PM2.5
10
[25] 5.11% 199
[2] 0.13% 8
[26] 0.20% 22
[29] 0.68% 147,200
[30] 0.89% 497,800
[31] 0.86% 91
Figure 2 Illustrative calculation of pollutant based approach - peat as a primary heating fuel in the evenings only, for 6 months of the
year, in Ireland and hospital admissions for cardiovascular disease. Note: Indoor concentrations is the additional increment in concentrations
due to using peat for heating, over and above the baseline of homes using gas for cooking but no solid fuel.
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3.55 μg/m3. In summary, the assessment calculated 21 an-
nual cases of all-cause mortality, 55 annual cases of
chronic bronchitis, 4 annual cases of cardiovascular hos-
pital admissions and 9 annual cases of respiratory hospital
admissions attributable to an annual average increase in
exposure of 2.11 μg/m3. Some 30,100 and 38,000 annual
lower respiratory symptom days (including cough) and re-
stricted activity days respectively were also estimated at
these exposures. Results for all-day exposure were 1.68Table 4 Estimated annual burden on health in Ireland of indo
in Ireland
Health endpoint Age group Total pop.
at risk
% expose
Chronic bronchitis 18+ 3,012,306 4.3
Cardiovascular hospital admissions All ages 4,467,854 4.4
Respiratory hospital admissions All ages 4,467,854 4.4
Restricted activity days 18-64 2,841,127 4.3
Lower respiratory symptom
days (inc cough)
5-14 602,919 4.7
All-cause mortality 30+ 2,559,015 4.2
*number of cases, ** number of days.times as large as those generated from evening exposures,
reflecting higher evening concentrations (Table 4).
Discussion
This paper provides the first detailed estimates of the
potential health burden of combustion-generated pollu-
tion from combustion of solid fuels at home for the Irish
and Scottish populations. There were a number of meth-
odological issues to overcome and we concentrate our
discussion on these.or air pollution from burning peat as primary fuel
Exposure winter
evenings (6pm-midnight),
concentration = 2.11 μg/m3
Exposure 24-hr,
concentration = 3.55 μg/m3
d Annual no.
cases/days
95% CI Annual no.
cases/days
95% CI
0 55* (5–98) 91* (8–163)
5 4* (2–5) 6* (3–9)
5 9* (7–10) 15* (12–17)
0 38,000** (33,400-42,600) 63,300** (55,600-71,100)
5 30,100** (15,000-45,400) 50,200** (25,000-75,700)
0 21* (7–38) 34* (11–63)
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methodology used
There are strengths and limitations in using a pollutant-
based approach compared with a source-based approach
that uses a simple metric distinguishing between ‘exposed’
and ‘non-exposed’ people, as used e.g. in the earlier Global
Burden of Disease (GBD) project [32]. One over-riding
consideration is that the source-based approach was not
viable in the present context, because (i) there is no sub-
stantial evidence base linking presence / absence of solid
fuel use in Europe with chronic morbidity or mortality;
and (ii) it is not meaningful to transfer, for use in Ireland
and Scotland, relative risks from living in a house with
solid fuel usage in developing countries, where many cir-
cumstances are different, including the extent of attribut-
able IAP. When a source-based approach was used by
GBD, no effects were quantified in Europe [32]. Although
in this manuscript no effects were quantified for burning
wood or coal for heating in Europe, the pollutant-based
approach reached this position in a more informed way.
There are two other specific benefits. One is that the
pollutant-based approach takes account of intensity of
exposure, i.e. the concentrations actually experienced;
and intuitively this is important, with the likelihood that
risks are higher when exposures are higher, other things be-
ing equal. Secondly, while clearly there are issues (discussed
below) in using risk functions in PM2.5 from outdoor air to
quantify the effects of indoor air pollution, doing so allows
quantification of a much wider range of health outcomes
than would be possible from the much more limited evi-
dence base linking indoor air pollution and health.
As indicated above, the main disadvantage of the
pollutant-based approach is the approximation or uncer-
tainty in using relationships in PM2.5 from outdoor air
to quantify the health effects of PM2.5 from indoor air
sources. PM is a complex mixture whose detailed charac-
teristics depend on source, and different sources also pro-
duce different mixtures of co-pollutants – gases, and
coarse particles. Either of these aspects could lead to dif-
fering health effects caused by different mixtures from
IAP and outdoor air pollution, even though indexed by
similar exposures to PM2.5. For example, PM2.5 in outdoor
air typically contains a substantial proportion of secondary
PM, whereas PM indoors attributable to solid fuel use
indoors will consist entirely of primary combustion PM.
However similar considerations apply to outdoor air
pollution at different places and times, where PM comes
from different sources and with different mixtures of
gases [33]. Despite some evidence and much speculation
about consequent differences in toxicity, current standard
practice with outdoor air pollution HIA is not to try to
express any such differences quantitatively [34]. Clearly
there are some additional uncertainties in applying the
same assumptions to IAP but it was considered that thisextrapolation is sufficiently similar to established practice
for outdoor air that it is a reasonable way forward, espe-
cially given the lack of alternative methods. We were
encouraged in this view by [35] who found a consistency
in estimated risks of cause specific cardiopulmonary mor-
tality from three very different sources of air pollution –
outdoor air, ETS and active smoking – when expressed in
the metric of log PM2.5 dose; suggesting that health effect
relationships from exposure to PM2.5 are robust across
differences in source, composition and intensity. This ap-
proach was further developed [36] and then supported by
the most recent analyses of the internationally renowned
GBD study [37], whose CRFs for air pollution are based
on PM2.5 from these three diverse sources.
Relationships between outdoor PM and health out-
comes are based on PM measured at background con-
centrations, at distance from source and from most of
the population at risk, whereas this study is concerned
with PM in the home from indoor combustion sources
in the same room or nearby. To address this difference,
a conversion or scaling factor was applied to convert the
outdoor air CRFs to the ERFs needed for the assessment
of health burden. The ease with which this can be done
numerically (it’s a simple multiplication) should not hide
that there are complex underlying issues which deserve
further investigation. One is the variation in time and
space between annual average concentration of PM2.5
and the distribution of personal exposures (to pollution
from outdoor sources) in the local population – we used
a simple model based on average concentrations and ex-
posures, which does not attempt to take account of indi-
vidual variation in exposure or susceptibility.
While there are issues about the reliability of such a
conversion factor, a more fundamental point is whether
such a conversion should be done at all. The IAPAH field
study measurements [13] do not exactly match either the
situation outdoors or personal exposures. On balance,
they were considered more similar to personal exposures
and so the conversion was applied. This understanding of
the relationship between static micro-environment based
measures and personal exposure is one particular aspect
that warrants wider discussion and consideration.
The present report focuses on burden attributable to
current levels and exposure to IAP from peat burning in
Ireland; it is not an analysis of the health effects of a change
in policy and practice. Such an application would also re-
quire consideration of the time-lag (‘cessation lag’) between
changes in exposure and changes in consequent health im-
pacts. This is an aspect which needs to be considered in
the CBA of potential policy changes but which typically is
overlooked or ‘fudged’ in estimates of burden as is done
here [28]; GBD, for example [37], bypasses the issue.
The effect on PM2.5 concentrations of burning gas for
cooking was estimated as being very small. Consequently
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for cooking could not be estimated. NO2 could have
been used as an alternative indicator pollutant: using gas
for cooking is widely linked with increases in NO2 in-
doors and there are relationships linking NO2 in outdoor
air with a wide range of health outcomes, including mor-
tality. However, these are widely understood as reflecting
primarily an effect of the complex mixture, including
PM, from traffic combustion, rather than an effect of
NO2 per se. It was considered that these could not be
transferred with confidence from outdoor to indoor air,
and so quantification using NO2 as a marker was not
attempted. Use of functions in NO2 from studies of IAP
(see e.g. [38]) would have led to a much narrower range
of health outcomes than is possible with PM2.5. It would
be wrong however to conclude, on the basis of low at-
tributable PM2.5 concentrations, that using gas for
cooking has no adverse effects on health.
Issues in accessing relevant data
As noted in Figures 1 and 2, HIA in this context involves
estimating and integrating information from a wide var-
iety of sources.
IAPAH aimed to estimate the health burden on the
populations of Ireland and Scotland, attributable to (i)
burning coal for heating; (ii) burning wood for heating;
(iii) burning peat for heating; and (iv) using gas for
cooking. This gave four populations to estimate in each of
two countries; and these populations needed to be dis-
aggregated by age and, to some extent, by gender, for
compatibility with the CRFs / ERFs used elsewhere in
the analysis. There were no immediate sources of rele-
vant data, and insofar as information was available, it
was not disaggregated by fuel type to the extent required.
Consequently, considerable work was needed to identify,
collate and cross-reference across multiple sources, each of
which gave a partial insight, in order to estimate the ex-
posed populations at the required degree of granularity.
Both the limited information available from surveys in both
countries, and the wider information on fuel usage (but
not on corresponding population exposed) were needed.
The IAPAH field study [13] proved essential from the
viewpoint of estimating PM2.5 attributable to source. It
had however, what appeared to be a limitation: it did not
have a designed-in ‘control’ set of homes (e.g. using electri-
city for heating and cooking) which would allow adjust-
ment for other sources of PM2.5 indoors, such as PM2.5
from cooking, from re-suspension of settled dust as people
got on with living their lives at home, or from penetration
indoors of outdoor PM2.5. However, when it became clear
that the measurements of PM2.5 in homes using gas for
cooking could not be distinguished reliably from the ag-
gregate of these corrections, and when limited literature
review reinforced that the contribution to PM2.5 from gasflames during cooking would be very small, it was possible
to use homes using gas for cooking as a baseline for all
other sources when estimating PM2.5 due to solid fuel use.
We did not know of any existing source that would
give us time-activity patterns in the detail required (e.g.
vacuum cleaning, walking); nor did we wish to extrapo-
late from the limited time-activity data collected in the
IAPAH field studies [13]. Instead the assumption of two
different scenarios was used, one of exposure during
evenings only, the other with exposure all day. Neither
are fully realistic but together they provide some reason-
able estimates of the range of potential population expo-
sures and consequent health burden. We acknowledge
that it is difficult to be certain of the representativeness
of our study sample in the field study and make no claim
that the single 24 hour measurement collected in 20
homes for peat burning and 16 homes for cooking with
gas are representative of the concentrations experienced
in all such homes in Ireland. The CRFs used from stud-
ies of outdoor air are standard ones. There are of course
uncertainties, to some extent reflected in the 95% CIs.
Information on background rates varied in quality
according to the health outcome, for example, there is a
greater likelihood of having routinely available data for
more extreme events. Considering jointly the uncertain-
ties in risk estimates and background rates, it is consid-
ered reasonable to put greatest confidence in results for
mortality and for hospital admissions, with much greater
uncertainties in results for chronic bronchitis, restricted
activity days and days reporting respiratory symptoms.
Substantive results
No estimates were made of the health burden attribut-
able to the particulate air pollution from combustion of
gas for cooking or for the combustion of coal and wood
for heating. This should not be interpreted as saying that
there are no adverse health effects; for example, a meta-
analysis in the metric of NO2 suggests that use of a gas
cooker at home increases the risk of children’s respira-
tory illness [38]. It is however reasonable to infer that
any associated burden of disease is small, in terms of
overall public health in Ireland and in Scotland, and is
unlikely to be associated with mass concentrations of
fine particulate aerosol.
For the combustion of peat for heating, a contribution
to indoor concentrations of PM2.5 was identified, though
PM2.5 concentrations from all sources within homes
burning peat was of the same order as concentrations of
PM2.5 outdoors in many cities. This is, of course, higher
than outdoor PM2.5 concentrations in the largely rural
areas of Ireland and Scotland where peat is used for
heating. The estimated population exposed in Scotland
was so small that, given that the attributable concentra-
tions of PM2.5 were not large, a HBA was not attempted.
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burning in Ireland and the resulting estimates show, as
expected, some limited impacts on serious health out-
comes, including mortality; and more numerous impacts
on mild or transient conditions such as lower respiratory
symptom days.
Conclusions
It is difficult to assess the accuracy of the methodology
as a whole as the approach is new. As such, further
methodological development is needed. It involves a key
underlying methodological assumption, that relation-
ships in the metric of PM2.5 from outdoor air epidemi-
ology can be adapted for use in quantifying the health
impacts of air pollution from combustion sources in-
doors. This needs to be discussed more widely and a
consensus reached in the wider research community on
its strengths and weaknesses and its range of legitimate
application. The recent use by the GBD project of quan-
tification in PM2.5 unified across very different sources
[37] should highlight the issue considerably.
While the fundamental assumptions will understand-
ably gain attention, a very important issue practically is
that of obtaining the necessary information to imple-
ment the approach. In the present study some quite
complex processing and linking of data from various
sources was needed to estimate both the population ex-
posed to IAP from using various kinds of solid fuels for
heating, and the background rates of morbidity in the
non-exposed population. We under-estimated these dif-
ficulties and we encourage others to learn from that, as
we also hope to do.
One of the advantages of this study, despite all its uncer-
tainties, is the clear illustration of the data gaps. Further
work to fill these gaps not only on population exposed
and background morbidity but also on more indoor-
specific exposure response functions and greater under-
standing of the relationship between exposure to different
sources, personal exposure and health is recommended.
In general, the indoor combustion sources examined
had little impact on concentrations of PM2.5 indoors.
Use of peat for heating in Ireland was the only source
where health impacts were estimated, and these esti-
mates were found to be small – risks are higher in indi-
vidual homes using peat for heating, although not higher
than those experienced from exposure to outdoor air
pollution in many cities in Western Europe; and the
number of people exposed is not large.
Consequently, this study does not suggest that expo-
sures in homes in Ireland and Scotland to IAP from
using solid fuel for heating (and cooking), is a major
public health issue. However, to inform policy develop-
ment more fully, it would be useful to estimate also the
effect on outdoor air pollution, and the resulting healthimpacts, from burning solid fuels in homes in Ireland
and Scotland.Appendix
Appendix 1: Illustrative calculation
Peat used as a primary heating fuel in the evenings only,
for 6 months of the year, in Ireland and hospital admis-
sions for cardiovascular disease.
Step 1: Background rates
○ The overall background rate of cardiovascular hospital
admissions for Ireland is 638.9 per 100,000.
○ This background rate is applied to the 2010 population
(all ages) to obtain the number of cardiovascular
admissions, annually, in the 2010 population.
■ (638.9 × 4,467,854)/100,000 = 28,545 admissions.
○ The percentage exposed to peat in each age group is
derived from Table 3 and earlier.
■ 4.45% exposed (in total population).
○ The number of cardiovascular admissions in the
total population (28,545) is then multiplied by the
proportion exposed (4.45%) to obtain the number of
cardiovascular admissions in the exposed population.
■ 1,270 admissions.
Step 2: Relative risk
○ The relative risk (RR) per 10 μg/m3 PM10 for
cardiovascular hospital admissions is 1.006 (95% CI:
1.003-1.009).
○ The RR per 10 μg/m3 PM10 is converted to an RR
per 10 μg/m3 PM2.5 which results in a RR = 1.009
change in admissions per 10 μg/m3 PM2.5.
○ The RR in the exposure metric of PM2.5 is then
adjusted to personal exposure by dividing the excess
risk (0.009) by 0.7 = 0.013.
■ RR = 1.013 change in admissions per 10 ug/m3
PM2.5 personal exposure.
○ The RR for personal exposure is then divided by 10 to
obtain the % change in personal exposure per μg/m3
PM2.5.
● 0.13% per μg/m3 PM2.5 personal exposure.
● (The same is done for the upper and lower 95% CIs).
Step 3: Health burden
○ The annual average PM2.5exposure indoors, based on
evenings spent at home is then used with the background
rate in the exposed population and the RR for personal
exposure to obtain the burden of cardiovascular hospital
admissions due to peat exposure.
■ 0.13% × 2.11 μg/m3 PM2.5 × 1,270 cases among
exposed population = 4 attributable cases.
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